The Fusarium solani species complex (FSSC) is the most common group of fusaria associated with superficial and life-threatening infections in humans. Here we formally introduce Fusarium metavorans sp. nov., widely known as FSSC6 (Fusarium solani species complex lineage 6), one of the most frequent agents of human opportunistic infections. The species is described with multilocus molecular data including sequences of internal transcribed spacer region (ITS), portions of the translation elongation factor 1-a gene (TEF1), and the partial RNA polymerase II gene (rPB2). A phylogenetic approach was used to evaluate species delimitation. Topologies of the trees were concordant. Phylogenetic analyses suggest that the FSSC consists of three major clades encompassing a large number of phylogenetic species; Fusarium metavorans corresponds to phylogenetic species 6 within FSSC clade 3. The species has a global distribution and a wide ecological amplitude, also including strains from soil and agents of opportunistic plant disease; it was also isolated from the gut of the wood-boring cerambycid beetle Anoplophora glabripennis.
Introduction
Fusarium is a large genus of the Ascomycota (Nectriaceae, Hypocreales). Currently the genus comprises over 300 species, mostly common endophytic and plant-pathogenic species, isolated from a wide range of hosts and with global distribution.
1,2 Some species produce mycotoxins in crops that can affect human and animal health when entering the food chain. 3 The main Fusarium toxins are fumonisins and trichothecenes. 3 Strains of Fusarium also are encountered as opportunistic pathogens on humans causing eye, skin, nail, and occasionally disseminated infections. 4, 5 However, the role of fusaria in human pathology is not well understood. In plants, weather conditions such as temperature and humidity may predispose individuals to Fusarium infection, the cutaneous microenvironment, or host defense mechanisms.
Modern polyphasic Fusarium taxonomy has led to narrow species concepts with numerous micro-species. Based on partial translation elongation factor-1 alpha (TEF1), the RNA polymerase II gene (rPB1) and RNA polymerase (rPB2), 20 species complexes were recognized in the genus. 6, 7 Fusarium solani species complex (FSSC) currently contains about 60 phylogenetic distinct entities. [8] [9] [10] [11] [12] [13] Based on the biological species concept, Matue and Syner 14 described seven mating populations within F. solani known as Nectria haematococca mating populations I-VII. Each group was correlated to one of the known formae speciales defined by pathogenicity on specific hosts. [15] [16] [17] [18] Members of the FSSC represent a diverse set of selffertile (homothallic) and self-sterile (heterothallic) species, although sexual cycles are only known for approximately one-third of the taxa. 8, 10 Molecular phylogenetic relationships recognize three major clades in FSSC, with clade 3 accommodating several clinically relevant phylogenetic entities. Several of the lineages in clade 3 have been described with formal names, 12, 19, 20 while others remained unnamed. 22 In a recent study from Japan it was reported that also other STs, that is, FSSC9 and FSSC18, are associated with opportunistic infections and with mycotic keratitis. 23 Both haplotypes are phylogenetically distinct from described species but remain unnamed yet. The ISHAM Working Group on Fusarium aims to collect clinical strains on a global basis, store and identify these with state-of-the-art technology, in order to obtain insight into species diversity involved in human infections, and to develop subsequent diagnostics and management recommendations. The main objectives of the study, for which part of the material was collected by network members are to (1) to describe phylogenetic and morphological features that correlate with FSSC6 as circumscribed by molecular analyses; (2) to provide a valid Latin binomial to FSSC6 in order to facilitate studies comparing the etiology and epidemiology of the entity and to improve communication among public health and agricultural scientists.
Methods

Phenotypic studies
A Fusarium strain was isolated from human pleura of lung cancer patient in Greece and submitted to the Centraalbureau voor Schimmelcultures (CBS) reference collection housed at Westerdijk Fungal Biodiversity Institute, the Netherlands under accession number CBS 135789 (Table 1). The strain was cultured on plates of malt extract agar (MEA; Oxoid, UK), oatmeal agar (OA; homemade at CBS), potato dextrose agar (PDA; Oxoid), synthetic nutrient agar (SNA; CBS), 24 and carnation leaf agar (CLA; CBS). 25 Cultures were grown under 12 h light-dark (l/d) cycles with UV and daylight color fluorescent lights at 24
• C. Morphological characters examined included the shape and size of macroconidia produced in sporodochia on CLA, 25 the shape and mode of formation of microconidia on CLA and SNA, 25 the production of chlamydospores on CLA, and pigmentation of the agar on PDA, SNA, and MEA. Microscopic slides of CBS 135789 strain were prepared from cultures grown on a CLA after 5 days of incubation at 24
• C by mounting structures in lactic acid. Slides were examined with a Nikon Eclipse 80i light microscope, and pictures were taken using a camera attached to the microscope (Nikon; digital-sight DS-5 M). A minimum of 10 measurements per structure were taken after processing in Adobe Photoshop CS3, and the average was calculated.
Physiology
Cardinal growth temperatures were determined on 2% MEA for CBS 135789. Plates were incubated in the dark for 1 week at temperatures of [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] • C at intervals of 3
growth was also recorded at 37
• C and at 40
• C. DNA amplification and sequencing
The following genes were amplified directly from the genomic DNA for multilocus sequence typing, using internal transcribed spacer region (ITS), 26 elongation factor 1 alpha (TEF1), 27 and the second largest subunit of RNA polymerase (rPB2). 28 Polymerase chain reaction (PCR) amplification and sequencing were performed according to a protocol applied by Al-Hatmi et al. 29 
Phylogenetic inference
To confirm the identity of our new Fusarium species, we evaluated its position in Bayesian phylogenetic and RAxML trees of the following individual gene markers (ITS, TEF1, and rPB2). Comparative sequences were retrieved from GenBank ( The best-fit model of evolution was determined by ModelTest v0.1.1. The trees were constructed by the outgroup method using the CIPRES Science Gateway online version 30 and edited in MEGA v6.2. Sequences included in this study were retrieved from GenBank NRRL 22316 F. staphyleae was used as outgroup. Genetic relationships were investigated by phylogenetic analysis using Bayesian inference (BI) and maximum likelihood (ML) methods.
Antifungal susceptibility
Antifungal susceptibility testing (AFST) of CBS 135789 was performed by the CLSI broth microdilution as described in the CLSI document M38-A2 (Clinical and Laboratory Standards Institute 2008) with modification as described by Al-Hatmi et al. 31 The following drugs were used, amphotericin B (Sigma-Aldrich), fluconazole (Pfizer, Groton, CT, USA), itraconazole (Janssen Pharmaceutica, Tilburg, The Netherlands), voriconazole (Pfizer), posaconazole (Merck), isavuconazole (Basilea Pharmaceutica, Basel, Switzerland), micafungin (Astellas, Ibaraki, Japan), and anidulafungin (Pfizer). Three reference strains (Paecilomyces variotii ATCC 22319, Candida krusei ATCC 6258, and Candida parapsilosis ATCC 22019) were included as quality controls. Fig. 2A) . Colonies on PDA reaching 60 mm diam, average daily growth rate 4.9-5.5 mm. Obverse white to reddishwhite at the edge (Fig. 2B) , reverse pigmentation in a gradient from pale yellow at the margin to dark brown to red at the center. Conidia formed at colony surface and in the aerial mycelium, the latter in clear, translucent drops of liquid at the tips of long, unbranched conidiophores. Colonies on SNA reaching 70-80 mm diam. Obverse aerial mycelium cottony, white, dense near the center, nearly absent toward the margin. Conidia formed abundantly from erect, typically unbranched conidiophores at the agar surface. Microconidia in false heads on phialides formed on hyphae (Fig. 2C, D) . Conidiophores 21.5-118.5 μm (mean 68.9 μm), 3.3 μm wide at the base, unbranched or branched up to three times, straight, thin-walled, smooth; each branch terminating in a single phialide. Phialidic collarettes thickened, flared (Fig. 2E-I ). Conidia 0-1 septate, ellipsoidal with rounded apex and truncate base, 3.9-11.1 × 2.3-3.1 μm (Fig. 2I) . Chlamydospores appearing after 4 weeks of incubation, single or in chains, consisting of enlarged, thick-walled vegetative cells, within hyphae (intercalary) or at hyphal tips (terminal), 6.0-13.4 μm diam (Fig. 2J) . Notes.-Fusarium metavorans was isolated from human pleura of lung cancer patient in Greece. However, this fungus is also associated with plants and ants, which might suggest some level of diversity and geographically widely distributed species. It was considered as a human opportunist, causing superficial and disseminated infections. Fusarium metavorans is morphologically similar to F. solani sensu stricto (FSSC5). 13 However, the new species differs mainly by its coloured brown to red pigmentations. Also shows similar micro-morphological characteristics to F. solani sensu stricto (FSSC5) but differs in the absence of macroconidia and the longer conidial chains with up to 10-20 micro-conidia in the terminal branched and unbranched with light and increase size of its conidiophores and phialides. The consensus morphology associated with F. metavorans corresponds well with other species in F. solani species complex. In addition, genetically very well differentiated as trees with identical overall topologies and resolving a monophyletic F. metavorans as shown in the Maximum likelihood and MrBayes consensus tree ( Fig. 1) were encountered in all (100% bs/ 1 pp).
Results
BLAST results of the
Physiology
Cardinal growth temperatures of F. metavorans type strain CBS 135789: optimal development at (27−)33
• C, growth observed in the entire range between 21 and 37 • C. Maximum growth temperature of the strain analyzed was 37
No growth observed at 40
• C.
Antifungal susceptibility
Antifungal susceptibility testing performed with broth microdilution according to CLSI M38A resulted in the following MICs: amphotericin B 2 μg/ml; fluconazole >64 μg/ml; both posaconazole and voriconazole >4 μg/ml; itraconazole and isavuconazole >16 μg/ml; anidulafungin and micafungin >8 μg/ml.
Discussion
The taxonomy of Fusarium is evolving. Unlike many other filamentous fungi, only few phenotypic characteristics are available to differentiate Fusarium species. Many of the morphological characteristics described to differentiating the 300 known species overlap, interfering with identification but also species delimitation in Fusarium. Cryptic, molecularly defined species exist, which are morphologically identical. 32 Therefore, sequence-based characteristics are essential to confirm the species identities. 7, 25 Also the genus level is debated. Lombard et al. 33 reclassified the F. solani complex into the genus Neocosmospora, a decision opposing the consensus paper of Geiser et al., 9 supported by many authors from clinical and phytopathological backgrounds, with a plea for nomenclatural stability and preservation of the name Fusarium. Lombard's paper has been followed by only few authors; with the result that now confusingly two names exist for the F. solani complex. 34 Recently, Sandoval-Denis et al., 35 described two new species within "FSSC," named as Neocosmospora macrospora and Neocosmospora croci. However, to preserve the nomenclature stability, in the present article we adhere to Fusarium as the best-known descriptor for the etiological agents and the clinical entities.
Members of the Fusarium solani species complex (FSSC) are the most commonly encountered fusaria in human infections. The clinical spectrum encompasses skin, nail, eye, bone, nasal cavities, contaminated wounds, and disseminated infection including in patients with cancer. 11, 25, 36 The species complex accounts for approximately 60% of the total Fusarium infections, judging from literature supported by multilocus sequence analysis. 37 12, 13, 19, 20, 36 In addition, FSSC27, (Phialophora cyanescens = Cylindrocarpon cyanescens), was recently recombined as Neocosmospora cyanescens.
22
Previous studies have consistently revealed the monophyletic group described in this paper within FSSC with strains from the United States, 8, 11 Colombia, 32 Japan, 23 Turkey, 38 21 It produces microconidia from false heads on phialides formed on hyphal conidiophores (Fig. 2C, D) . A number of aberrant morphological variants were observed in isolate CBS 135789 of F. metavorans concerning the production of yellowish-white pigments on PDA. Fusarium metavorans does not produce macroconidia but instead produces septate or non-septate conidia from long mycelial conidiophores, which is typical for species in FSSC. The monophialides and the production of ovoidal microconidia, presence of chlamydospores and false microconidial head are observed in all species within FSSC.
Fusarium metavorans (FSSC6) has been encountered in areas of research different from human infection, including quarantine, plant, soil, and the gut of the wood-boring cerambycid beetle Anoplophora glabripennis in the United States. 40 This suggests that the species likely is a saprobe on virgin, watery substrates. In other fungal genera with plant-pathogenic members, such as Alternaria, it was noted that the human opportunists are just the species with predominantly saprobic life styles. 41 Chemical analyses have demonstrated that F. metavorans is able to degrade lignocellulose, 42 synthesize amino acids, 43 and contribute to the synthesis of sterols. 44 We find that our new species is capable of growth at 37
• C and can thus survive at human body temperature. Antifungal susceptibility profiles obtained from F. metavorans showed remarkable similarity to other Fusarium species 4, 5 with regard to high degrees of resistance to all antifungals tested. In this study, the description of a novel species involved in opportunistic plant, animal and human infections has enlarged the spectrum of species of potential clinical interest in the genus Fusarium. The intrinsic broad spectrum antifungal resistance of Fusarium species has also been confirmed in F. metavorans.
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